In mixed-resolution (MR) stereoscopic video, one of the views has a lower resolution compared to the other one, hence providing means for improved compression. The underlying assumption in MR stereoscopic video is that the human visual system fuses the left and right views in such a way that the perceived image quality is close to that of the higher-resolution view. This paper describes a subjective quality evaluation experiment with uncompressed MR stereoscopic video, in which the aim was to discover the approximate limit of the downsampling ratio where the perceived quality is still close to the quality of the higher view. Different downsampling ratios, namely 1/2, 3/8, and 1/4 along both coordinate axes, were tested. The threshold of the higher-resolution view being dominant in the perceived quality lied in between downsampling ratios 1/2 and 3/8, corresponding to 11.4 and 7.6 pixels per degree of viewing angle, respectively. At downsampling ratios 3/8 and 1/4, the perceived quality linearly correlated with the average luma peak signal-to-noise ratio of the lower-resolution view.
INTRODUCTION
One branch of research in stereoscopic video compression is known as mixed resolution (MR) stereoscopic video coding, first introduced in [1] . In MR stereoscopic video, one of the two views is represented with a lower resolution compared to the other one, while, according to the binocular suppression theory [2] , it is assumed that the Human Visual System (HVS) fuses the two images such that the perceived quality is close to that of the higher quality view.
The subjective impact of uncompressed MR sequences at downsampling ratios of 1/2 and 1/4 along both coordinate axes was studied in [3] . A combination of a data projector and shutter glasses were used as the viewing equipment. It was found that the perceived sharpness and the subjective image quality of the MR image sequences was nearly transparent at the downsampling ratio of 1/2 but dropped slightly at the downsampling ratio of 1/4.
The study presented in [4] included a subjective evaluation for full-and mixed-resolution stereo video on a 32-inch polarization stereo display and on a 3.5-inch mobile display. One of the views in the MR sequences was downsampled to a half resolution both horizontally and vertically. The results revealed that uncompressed full-resolution (FR) sequences were preferred in 94% and 63% of the test cases for the 32-inch and 3.5-inch displays, respectively. Moreover, different resolutions for the symmetric stereo video and the higher-resolution view of the MR videos were tried out, while the downsampling ratio in the MR videos was always 1/2 both horizontally and vertically. It was found out that the higher the resolution, the smaller the subjective difference is between FR and MR stereoscopic video. An equivalent result was also discovered as a function of the viewing distance -the greater the viewing distance, the smaller the subjective difference between FR and MR.
An obvious question related to MR stereoscopic video is whether people having a different ocular dominance perceive the quality of the same MR stereoscopic image sequence differently. However, it has been discovered in several studies, such as [5] and [6] , that subjective ratings of MR image sequences are not statistically impacted by eye dominance.
In this paper, the impact of downsampling ratio in MR stereoscopic video was studied more thoroughly than earlier in the literature. The aim was to discover the approximate threshold of an acceptable downsampling ratio. Furthermore, the impact of eye dominance was also studied, the target being to verify the earlier findings of the literature. This paper is organized as follows. Section 2 describes how the subjective test was prepared and organized. The results of the subjective test are presented and discussed in Section 3. Finally, conclusions are provided in Section 4.
TEST SETUP

Preparation of the Test Stimuli
The tests were carried out using five sequences: Undo dancer, Dog, Pantomime, Champagne tower, and Newspaper. Undo dancer, exemplified in Figure 1 , is a synthetically created photorealistic multiview sequence including a dancing person, reproduced from a motion capture. The other four sequences are common test sequences in the 3D Video (3DV) ad-hoc group of the Moving Picture Expert Group (MPEG). No audio track was available for any of the test sequences.
Several camera views were available for all the test sequences. Therefore, the optimal camera separation or view selection and a suitable viewing distance were studied first in a pilot test of 7 people. Two viewing distances were tested, 70 cm and Figure 2 . The best average score for Undo dancer was obtained with the camera separation of 4 cm, while the other tested separations (2, 6, 8, 14 , and 26 cm) dropped the average score by less than 1 on a 7-point scale. The camera separation of 5 cm was found to be the best for the other sequences. With the Dog sequence, the other tested camera separations (10, 15, 20 , and 25 cm) resulted into a an average score close to that of the 5-cm camera separation, while more variation of the results was discovered with the other sequences having the same camera separations, although camera separation 25cm was not available for Newspaper. The camera separations corresponding to the best average scores were used in all subsequent tests.
The test clips were prepared as follows. Both left and right view image sequences were first downsampled from their original resolution to the "full" resolution mentioned in Table I . The "full" resolution was selected to occupy as large area as possible on the used monitor with a reasonable downsampling ratio from the original resolution. Then, two sets of test clips were generated, differing in whether the left view or the right view was downsampled and subsequently upsampled. The tested downsampling factors were 1/2, 3/8, and 1/4 symmetrically along both coordinate axes. The filters included in the JSVM reference software of the Scalable Video Coding standard were used in the downsampling and upsampling operations [7] . The resolutions of the test sequences are provided in Table I .
Test Procedure
Test clips were displayed on a 24" polarizing stereoscopic screen having the width and the height of 515 and 322 mm, respectively. It has the total resolution of 1920×1200 pixels and the resolution of 1920×600 per view when used in the stereoscopic mode.
The on-screen lighting was less than 20 lux in order to prevent reflections.
10 subjects participated in the test. Half of the viewers were right-eye-dominant, while the rest of the viewers were left-eyedominant.
The gender distribution was not controlled, as in our experience, there are no statistical gender differences in image and video quality estimation. A majority of the test subjects were female with an average age of 21 years. All the participants were untrained, having no significant prior experience on stereoscopic video.
The following visual tests were conducted to all participants: far and near visual acuity, stereoscopic acuity (Randot test), contrast sensitivity (Functional Acuity Contrast Test), horizontal and vertical phoria (Maddox wing test [8] ), near point of accommodation and convergence (RAF gauge test [9] ) and the interpupillary distance. Viewers who were not found to have normal visual acuity and stereopsis were rejected.
The subjective test started with a combination of anchoring and training. The extremes of quality range of stimuli were shown to familiarize the participants with the test task, the test sequences, and the variation in quality they could expect in the actual tests that followed. The test clips were presented one at a time in random order and appeared twice in the test session. Each clip was rated independently after its presentation, and the time used for rating was not limited. The test subjects were asked to rate the test stimulus according to three criteria separately: the general image quality, naturalness, and perceived depth [10] . An integer scale in the range of -3 to 3 was used for the rating and after each single observation all three criteria were evaluated. At the beginning of the test, the test leader presented the scales orally to the participants until they understood everything thoroughly. The viewers were instructed that -3 means "very bad" or "not natural", 0 is "mediocre", and 3 stands for "very good" or "very natural". In addition, the viewers were asked to estimate the limit of sufficient quality with a line on the general image quality scale after viewing of each test clip. Observers were allowed to keep the limit of the sufficient quality at the same point for the whole experiment. Figure 3 presents the average values and the 95% confidence interval (CI) of the image quality ratings. Furthermore, it displays the average limit of sufficient quality [11] , which did not vary very much between sequences. It can be seen that the FR stereoscopic video sequences outperformed the MR sequences in all test cases. The quality of all the MR stereoscopic image sequences downsampled by 1/2 both horizontally and vertically was clearly above the limit of sufficient quality. In three of the sequences, the downsampling ratio of 3/8 provided a quality higher than the limit of sufficient quality, while the quality of the MR sequences with the downsampling ratio of 1/4 were clearly unacceptable in terms of subjective image quality.
RESULTS AND DISCUSSION
Limit of Downsampling Ratio
When compared to earlier studies [3] [4], the performance of the MR sequences relative to the respective FR sequences was worse. This might be explained by the chosen viewing distance in relation to the physical size of a pixel. In the viewing conditions used in our test, downsampling ratios 1/2, 3/8, and 1/4 corresponded to 11.4, 7.6, and 5.7 pixels/degree (of viewing angle), respectively, in the lower resolution view. As a comparison, the downsampling ratios of 1/2 and 1/4 in [3] corresponded to more than 15 and close to 10 pixels/degree, respectively, as far as we could conclude from the information provided in the paper. Hence, the effective physical downsampling ratio in our Figure 2 . Camera separation results for viewing distance 70cm normalized against the best camera separation (4 cm for Undo dancer, 5 cm for other sequences). The general image quality score of the sequences having the best camera separations was assigned score 0 in this figure. The normalized score of camera separation x is the difference of image quality scores of the sequence having the camera separation equal to x and the respective sequence having the best camera separation. Table I . Spatial resolutions of sequences. Dancer  960x540  480x270  360x202  240x135  Dog  800x600  400x300  300x225  200x150  Pantomime  800x600  400x300  300x225  200x150  Champagne  800x600  400x300  300x225  200x150  Newspaper  768x576  384x288  288x216  192x144 experiment was generally higher than in [3] . The exact values for pixels per viewing angle could not be concluded from the information given in [4] , but it discovered equivalently the subjective difference between FR and MR was a descending function of the viewing distance or the resolution in terms of number of pixels. We also analyzed whether the subjective image quality ratings had a correlation to the average luma peak signal-to-noise ratio (PSNR) of the lower resolution view. The downsampled views were first upsampled to the full resolution and the PSNR values were derived against the FR sequences. A strong correlation indicates that the lower resolution view contributes more heavily to the image quality rating, while the higher resolution view can be assumed to have a stronger contribution to the image quality rating, when the correlation is weak. The results of the correlation analysis are provided in the following paragraphs.
A comparison between the PSNR values and the subjective scores of the views downsampled by ratio 1/2 indicated that there was practically no correlation between the subjective image quality rating and the average luma PSNR. This observation suggests that, with the used viewing conditions and sequences, the high-resolution view contributed more to the subjective quality in MR stereoscopic videos where one view was downsampled by ratio 1/2.
A linear estimation minimizing the mean square error was derived for the relation of the subjective image quality ratings and the corresponding average luma PSNR values of the lower resolution views at downsampling ratios 3/8 and 1/4. The data points and the resulting linear estimations are presented in Figure 4 . Interestingly, the slope of the linear estimation was similar, 0.30 and 0.28, for downsampling ratios 3/8 and 1/4, respectively. The subjectively obvious correlation of the data points and the linear estimations was confirmed by deriving root mean square error values, 0.25 and 0.11, and Pearson correlation coefficients, 0.88 and 0.97, for downsampling ratios 3/8 and 1/4, respectively. The high correlation suggests that the lowerresolution view was dominant at downsampling ratios 3/8 and 1/4 with the used viewing conditions and sequences.
As a conclusion, it seems that when the degree of downsampling in MR stereoscopic video exceeds a certain threshold, the lower resolution view becomes dominant in the perceived quality. In the given viewing conditions the threshold seemed to be between downsampling ratios 1/2 and 3/8, which correspond to 11.4 and 7.6 pixels per degree of viewing angle, respectively. As the smallest pixel-per-viewing-angle density in [3] was close to 10 pixels/degree, the breakdown point of the downsampling ratio in MR stereoscopic video might not have been discovered in [3] . Figure 5 presents the difference of the perceived depth ratings relative to the image quality ratings of the same sequences. It can be observed that perceived depth scores followed the image quality scores closely with an average absolute difference of 0.18 in the 7-point scale compared to the image quality ratings. The highest difference is for the downsampling ratio of 1/4, where the perceived depth was consistently evaluated higher than the general image quality. Figure 6 presents the difference of the naturalness ratings relative to the image quality ratings of the same sequences. On average, the absolute difference of the naturalness ratings was 0.22 in the 7-point scale compared to the image quality ratings. There was no clear correlation between the downsampling ratio and the deviation of the naturalness score from the image quality. The results of Undo dancer are not presented in this figure, because supposedly the naturalness ratings for Undo dancer reflected the synthetic creation of the sequence more than its stereoscopic presentation in the test. Figure 7 presents the average ratings of left-and right-eyedominant viewers separately. The labels of the horizontal axis present which view was downsampled and the downsampling factor. It can be observed that there is always an overlap of the 95% confidence interval for all the respective scores, hence indicating that the eye dominance of the viewers had no significant impact on the perceived quality of the tested MR sequences. However, at the downsampling ratio of 1/4 along both coordinate axes, the average rating of the MR sequences where the full-resolution view was the same as the dominant eye of the viewer was slightly higher than the average rating of the other sequences of the same downsampling ratio.
Perceived Depth and Naturalness
Eye Dominance
We also performed a univariate analysis of variance on the results. The scores from the left-and right-eye-dominant observers were tested against each other in order to find out whether their evaluations of the sequences differ in any case. All test cases achieved a P value equal to 1 except Champagne and Dog sequence at downsampling ratios of 1/2 and 3/8, respectively, for which the P values were 0.86 and 0.885, respectively. In other words, there were no significant differences of ratings between the left-and right-eye-dominants based on these results. 
CONCLUSIONS
This paper studied the subjective impact of downsampling applied for one of the views in mixed-resolution (MR) stereoscopic video. The aim of the research was to discover the approximate threshold of an acceptable downsampling ratio where the human visual system still fuses the images such a manner that the perceived quality is close to that of the higher-resolution view. Five original sequences at symmetric full resolution (FR) and at mixed resolution where one of the views was downsampled at ratio 1/2, 3/8, or 1/4 horizontally and vertically were used in the test. In the used viewing conditions, FR sequences always outperformed MR sequences, the reason might have been the relatively low density of pixels per a degree of the viewing angle. However, the quality of the MR sequences where one view was downsampled by the factor of 1/2 horizontally and vertically was clearly acceptable. In contrast, three and none of the MR sequences downsampled by the factors of 3/8 and 1/4, respectively, were of a satisfactory quality. In the presented test, the breakdown point where the higher-resolution view was no longer dominant in the perceived quality seemed to be between downsampling ratios 1/2 and 3/8, which corresponded to 11.4 and 7.6 pixels per degree of viewing angle, respectively. When the amount of downsampling exceeded that applied in the breakdown point, i.e. with downsampling ratios 3/8 and 1/4 in the presented test, the lower resolution view was dominant and the subjective image quality correlated with average luma peak signal-to-noise ratio (PSNR) of the lower-resolution view. These findings related to the breakdown point in the downsampling ratio of the MR stereoscopic video should naturally be verified in one or more independent studies. Finally, it was confirmed that ocular dominance did not affect the subjective ratings regardless of which view was downsampled in the MR sequences. 
